Using optical microscopy, we have measured the formation and growth of holes in freely standing polystyrene films in the melt state. For all films, we observed exponential growth of the hole radius and uniform thickening. Our measurements are interpreted in terms of the dependence of the viscosity on the shear strain rate associated with the hole growth process. The measurement of hole growth in thin freely standing polymer films provides a unique probe of nonlinear viscoelastic effects in confined polymers.
Recently, there have been many experimental and theoretical studies of the mobility of polymer molecules in confined geometries. Changes in mobility due to perturbations of the equilibrium conformation of molecules, interactions with confining material, and the thermal stability of the molecules are of particular interest ͑see Refs. ͓1-11͔, and references therein͒. Measurement of the mobility of polymer molecules confined within thin films at different temperatures provides a direct probe of the thermal stability of thin films. For films supported on substrates, thermal instabilities can lead to dewetting ͓1-3,8͔, producing nonuniform film coverage. For unsupported or freely standing films, thermal instabilities can lead to the formation of holes, i.e., rupture ͓4,10͔. A fundamental understanding of dewetting and rupture is important for the use of thin polymer films in technological applications.
There are two mechanisms for hole formation in thin polymer films in the melt state: nucleation, and spontaneous hole formation. The nucleation and growth of holes in thick ͑film thickness 5ϽhϽ50 m) freely standing polydimethylsiloxane films was studied in the pioneering work of Debrégeas et al. ͓4, 10͔ . Evidence for linear viscoelastic behavior of the films was inferred from the observed exponential growth of the hole radius and the uniform thickening of the films during hole growth. This behavior is qualitatively different from hole formation in less viscous systems in which inertia plays an important role.
In the present manuscript, we describe the results of our measurements of spontaneous and nucleated hole formation and growth in freely standing polystyrene ͑PS͒ films with thicknesses 96 nm ϽhϽ372 nm. The hole growth measurements were performed at a fixed measurement temperature Tϭ115°C which is only ϳ18°C greater than the bulk value of the glass transition temperature T g ϭ(97Ϯ2)°C. As a result, the viscosity values were very large compared with those studied in Refs. ͓4,10͔. As in the work of Debrégeas et al. ͓4,10͔, we observe exponential growth of the hole radius and uniform thickening of the films during hole growth for both spontaneous and nucleated holes. By measuring the characteristic growth time as a function of film thickness h in this very simple experiment, we have obtained a measure of the viscosity at the edge of the hole. We find that decreases with decreasing thickness h, which can be understood in terms of the dependence of on the shear strain rate ␥ associated with the hole growth process.
Polystyrene molecules ͑molecular weight M w ϭ767,000; polydispersity index M w /M n ϭ1.10) from Polymer Source Inc. were dissolved in toluene with PS concentrations ͑by mass͒ ranging from 2.0% to 3.7%. The solutions were filtered (0.2 m pore size͒ and spin coated onto clean glass slides using a spin speed of either 3000 or 4000 rpm. The PS films on the glass slides were annealed under vacuum at a temperature Tϭ110°C (ϾT g ) for 12 h. This removes residual solvent molecules which can act as plasticizers and allows relaxation of the chains since the annealing time is many orders of magnitude larger than the reptation time at the annealing temperature. The films were cooled to room temperature at a constant, slow rate ͑1°C/min͒, ensuring a well-defined thermal history. The PS films were then floated onto a water surface, captured across a 4-mm-diameter hole in a stainless steel holder, and dried in air. For the present study, we made a series of 25 films ranging in thickness from 96 nm to 372 nm, as measured using ellipsometry. For this range of film thicknesses, Tg is equal to that in bulk.
There were two ways in which holes formed in the freely standing PS films. First, when the films were heated to temperatures TϾT g , holes formed spontaneously either by a process analogous to spinodal decomposition ͓1͔ or by nucleation by dust spots smaller than the spatial resolution of the microscope ͑ϳ0.2 m͒. We have also purposely nucleated holes in room-temperature PS films using a heated, electrochemically etched tungsten scanning tunneling microscope tip onto which we have evaporated a thin layer ͑ϳ100 nm thick͒ of silicon oxide (SiO x ) ͓5͔. By bringing the heated tip ͑temperature TϾT g ) into brief contact with the films, we have successfully nucleated holes with radii as small as 0.1 m. The SiO x layer discourages adhesion between the tip and the film and results in circular holes with a uniform hole edge as viewed using optical microscopy. The films were placed in an optical microscope hot stage and heated at a rate of 5 -10°C/min to Tϭ115°C. At this fixed sample temperature, the hole radius was measured as a function of time using an optical imaging system consisting of a reflected-light microscope, charge-coupled device camera, and image analysis system. *Author to whom correspondence should be addressed.
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In Fig. 1 is shown a sequence of images for the growth of a hole in a PS film with hϭ96 nm. The process occurs very slowly because of the large values of viscosity for the polymer at the measurement temperature. Typically, the velocity with which the hole radius increases is tens of nm/s which is about nine orders of magnitude less than the growth velocity for the rupture of soap films ͓12͔. Figure 2 is a plot of the natural logarithm of the hole radius R, normalized to the value of the radius R 0 first measured for each hole, as a function of time for six representative films ranging in film thickness from hϭ96 nm to 372 nm. For the data shown in Fig. 2 , holes were nucleated in the two thickest films since holes did not form spontaneously during the experiment; holes formed spontaneously for the thinner films. For all hole growth experiments, the temperature was fixed at Tϭ115°C. At this measurement temperature, hole growth in films with hϽ96 nm occurred too fast to obtain reliable data. For each film thickness, the initial dependence of ln(R/R 0 ) versus time t is linear, corresponding to exponential growth of the hole radius
where is the time which characterizes the growth of the hole. For each value of the film thickness, we prepared multiple samples. We find that the values are reproducible to within an experimental uncertainty of 15%, and are the same to within the experimental uncertainty for both spontaneous and nucleated holes, as measured for films with h ϭ209 nm and hϭ253 nm. In Fig. 3 , we plot the time constant characterizing the hole growth rate as a function of the film thickness h for all of the films used in the present study. We observe a marked reduction in with decreasing h, which can be understood in terms of the effect of shear strain rate ␥ on the film viscosity ϭ͑␥ ͒ϭ/␥ , where is the stress ͓13,14͔. For small values of ␥ , is equal to its zero shear strain rate value 0 , corresponding to the linear viscoelastic regime. However, for large values of ␥ , decreases with increasing ␥ , a nonlinear viscoelastic effect ͓13,14͔.
Holes in freely standing PS films grow with time because of the presence of a shear stress ϭ2⑀/h due to surface tension ⑀ at the edge of the hole ͑radial distance rϭR). For PS at Tϭ115°C,⑀ϭ34 mN/m ͓15͔. Because increases as h decreases, both and the resulting shear strain rate ␥ can be large for very thin films. To understand the nature of the shear strain associated with the hole growth process, consider an infinitesimal square element of the film at rϭR with one of its diagonals along the radial direction, subtending the angular width d. At a short time later, the same film element has moved outward to rϭRϩdR, and the element has been deformed into a parallelogram with its long diagonal perpendicular to the radial direction. We assume that the thickness of the film does not change. This is a reasonable approximation for the initial stages of hole growth because the hole radius is very small (ϳ10 m) compared to the in-plane extent of the film ͑4 mm͒, and the instantaneous elastic response of the viscoelastic film leads to uniform thickening ͓4,10͔. The corresponding shear strain at the edge of the hole can be written as ␥ϭ2(dR/R). Using Eq. ͑1͒, 
2154
PRE 59 DALNOKI-VERESS, NICKEL, ROTH, AND DUTCHER we obtain the shear strain rate at the edge of the hole as ␥ ϭ2/. Combining the above expressions for the shear stress and the shear strain rate ␥ , we obtain an equation for the viscosity at the edge of the hole ͑in agreement with Ref.
From Fig. 2 , one can see that, as h was decreased by a factor of 3.9, the measured values decreased by a factor of 33. Given Eq. ͑2͒, the viscosity must decrease by an order of magnitude with decreasing h for the range of measured h values, if the surface tension ⑀ is the same for all films. It is reasonable to expect that ⑀ is the same for all films because h is large ͑Ͼ96 nm for all films in the present study͒ compared with the length scale associated with surface tension ͑ϳ1 nm ͓16͔͒. Therefore, we ascribe the measured decrease in /h with decreasing h to a decrease in with decreasing h.
In Fig. 4 is shown a plot of at Tϭ115°C versus ␥ for all of the films used in the present study. For each data point in Fig. 4 , we have indicated error bars for the shear strain rate due to the uncertainty in the determination of , as well as error bars for the viscosity due to the uncertainty in the sample temperature of Ϯ0.5°C. To make the conversion from uncertainty in temperature to uncertainty in viscosity, we have chosen a conservative estimate obtained by assuming that the Williams-Landel-Ferry ͑WLF͒ equation ͓17͔ applies for the present case. The error bars for the viscosity are consistent with the spread in the measured values. Clearly the results indicate a strong dependence of the viscosity on the shear strain rate produced during hole growth.
As discussed by Graessley ͓14͔, the importance of shear strain rate effects on the viscosity can be seen directly by calculating the dimensionless shear strain rate ␤ ϵ 0 M w ␥ /RT, where 0 is the zero shear rate viscosity, is the density, and R is the gas constant. For bulk melts of PS with molecules of high molecular weight M w and narrow M w distributions, it has been found empirically that the linear viscoelastic regime, for which ϭ 0 , extends up to, at most, ␤ϳ10 ͓14͔. In the present study, the shear strain rates ␥ ranged from 3.01ϫ10 Ϫ4 s Ϫ1 to 1.19ϫ10 Ϫ2 s Ϫ1 corresponding to ␤ values ranging from ϳ40 to ϳ1500. The ␤ values were calculated using a value of 0 ϳ6ϫ10 9 P measured for bulk, high M w PS at high temperature and extrapolated to Tϭ115°C ͓17͔. Because ␤ is large for all films in the present study, we are probing the nonlinear viscoelastic regime for all films, as evidenced by the measured decrease in with ␥ ͑see Fig. 4͒ .
For the nonlinear viscoelastic flow of a large number of different materials, it is found empirically that ϳ͉␥ ͉ Ϫd , with dϳ0.85 for bulk PS ͓14͔. For our measurements of very thin, freely standing PS films, we obtain a best fit value of dϭ0.65Ϯ0.03 ͑see the solid line in Fig. 4͒ . Our slightly lower value of d compared with those values obtained for bulk PS reveals the complicated nature of the hole growth experiment: if the measurement is performed in the nonlinear viscoelastic regime, the viscosity has a radial dependence in the vicinity of the hole edge because of the radial dependence of the shear strain rate. In particular, the viscosity is smallest at the hole edge (rϭR), where the shear strain rate is largest, and the viscosity increases to 0 for large r, where the shear strain rate becomes negligible. Because we are measuring an average viscosity in the vicinity of the edge of the hole, the value of d measured in the present study should be less than that measured for bulk PS, which is in agreement with our experimental result.
Even though there is a radial dependence of due to nonlinear viscoelastic effects in the present study, our results are consistent with uniform thickening of the films during the hole growth experiments. This is perhaps due to the instantaneous elastic response that leads to uniform thickening as in the linear viscoelastic case ͓4,10͔. Because of the strong dependence of on h, we can estimate the increase in h throughout the film during the hole growth experiment. In Fig. 5 we show ln(R/R 0 ) versus time t for a PS film with an initial thickness of hϭ209 nm. The initial data can be used to obtain ϭ1870 s, corresponding to ϭ3.0ϫ10 ␥ ϭ1.07ϫ10 Ϫ3 s Ϫ1 as shown in Fig. 4 . With increasing time, a gradual decrease in the slope of ln(R/R 0 ) versus t is observed, corresponding to an increase in ͑a slower process͒ such that ϭ2640 s for 1400 sϽtϽ2000 s. We can estimate the film thickening that occurs during the hole growth experiment from a measurement of the area of the holes relative to the total sample area. For the sample of Fig.  5 for tϭ2000 s we obtain hϷ230 nm. Using the late-stage values of hϷ230 nm and ϭ2640 s (␥ ϭ7.6ϫ10 Ϫ4 s Ϫ1 ), Eq. ͑2͒ yields Ϸ3.9ϫ10
9 P, which is consistent with the value interpolated from the initial-stage data shown in Fig. 4 . This detailed analysis of the thickening of the films, together with the uniform color ͑and change in color͒ of all films measured during hole growth using optical microscopy, is consistent with uniform thickening of the films during hole growth. We emphasize that all of the data presented in Figs. 2-4 were obtained from the initial stages of hole growth for which the increase in film thickness was limited to less than 5%.
We have presented the results of measurements of hole formation and growth in freely standing polystyrene films. For all films, we observe that the hole radius grows exponentially with time, with uniform thickening of the films. The time constant which characterizes the hole growth is found to decrease markedly with decreasing h. This effect can be understood in terms of reductions in the film viscosity produced by the large shear strain rates associated with the hole growth process. By extending previous linear viscoelastic studies of hole growth ͓4,10͔ to the nonlinear viscoelastic regime, we have obtained a novel probe of nonlinear viscoelastic effects in thin polymer films.
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